Abstract Background: Drug combination therapies using cisplatin and natural products are common
NBM-T-BMX-OS01, an

Introduction
Lung cancer is the most commonly diagnosed cancer in the western countries, and is considered to be the leading cause of cancer death in men and the second leading cause in women [1] . The prognosis of lung cancer patients is poor and the 5 year survival rate is still lower than 15% in spite of several therapeutic improvements achieved in recent years [2] . Non-small cell lung cancer (NSCLC), the most common histological type of lung cancers, accounts for approximately 75-80% of all lung cancers and causes more than one million deaths in the world each year [3] . More than 40% of NSCLCs are often found in an advanced stage, when it is too late for surgical intervention. Thus, chemotherapy with drugs such as platinum remains the main method of treating NSCLCs patients [4, 5] .
Although NSCLC is one of the most challenging cancers to treat, several previous clinical trials have demonstrated that systemic combination chemotherapy with platinum-based agents has advantages in prolonging survival and improving quality of life in NSCLC patients and plays a central role in therapy for NSCLC. Just like many other chemotherapeutic agents, cisplatin interacts with cellular nucleophiles to form inter-and intra-stand cross links of DNA, RNA and/or proteins, leading to cell cycle arrest and apoptosis [7, 8] . However, because of increased multidrug resistance to chemotherapeutic agents found in most NSCLCs, as well as cisplatin induced side effects, cisplatin-based chemotherapy for NSCLC patients seems to have reached a plateau [9] . For this reason, to explore the molecular mechanisms of NSCLCs cells to chemotherapeutic agents is a promising therapeutic approach.
Cnidium monnieri (L.) Cusson, a small annual plant called "She chuang" in China, is a well-known traditional Chinese medicine and has been administered to humans for the treatment of eczema, cutaneous and sexual dysfunction for many years [10, 11] . Osthole, (7-methoxy-8-isopentenoxycoumarin, C 15 H 16 O 3 , 244.39 Da), is an active substance isolated from the fruit of Cnidium monnieri (L.) Cusson and is responsible for most of its therapeutic anti-seizure, and anti-diabetic effects [12] [13] [14] [15] . Moreover, accumulating evidence has shown that osthole exerts anti-cancer effects through inducing cell cycle arrest and apoptotic cell death [16] [17] [18] . Recent studies have also shown that osthole is able to inhibit the migration and invasion of cancer cells through suppression of MMP-2 and MMP-9 enzyme activities [19, 20] . However, the exact molecular mechanism of osthole induced anticancer effect is not completely understood, and there are no results to date of the effect of osthole on cisplatin-related chemotherapeutic resistance in human lung cancer cells. The aim of the present study therefore was to determine whether NBM-T-BMX-OS01 (BMX), a derivative semi-synthesized from osthole, would be effective in sensitizing human lung cancer A549 cells to cisplatin. We also investigated the potential molecular mechanism with focus on AMPK-mediated inhibition of ERK and Akt pathways.
Materials and Methods
Cell cultures
supplemented with 10% fetal bovine serum and 80 U/ml antibiotics (penicillin and streptomycin). The 2 , and the culture medium was changed every other day. NBM-T-L-BMX-OS01 (BMX) was dissolved in 0.1% dimethyl sulfoxide (DMSO), which had no effect on cell viability. 
TUNEL staining
To detect apoptotic cell death in A549 cells, TUNEL staining was performed using an in situ cell free formaldehyde solution in phosphate buffered saline (PBS) for 20 min at room temperature. The cells reagent mixture for 60 min at 37°C according to the manufacturer's suggested protocol (Promega, Madison, nucleus.
Caspase-3 activity
The activity of caspase-3 was measured using a colorimetric assay kit according to the manufacturer's 6 cells were mixed with after incubation at 37°C for 4 h. Absorbance of each sample was determined by subtraction of the mean absorbance of the blank and corrected by the protein concentration of the cell lysate. The results were described as relative activity to that of control group. Fluorescence was read using an excitation wavelength of 480 nm and an emission wavelength of 530 nm
Flow cytometry
Mitochondrial respiratory chain complex I activity
HCl, pH 7.5, 500 mM NaCl, 0.03 % reduced Triton X-100, 1 mM EDTA, 1 mM PMSF, 0.5 mM benzamidine, and 1 mg/ml each of pepstatin-A, leupeptin and aprotinin). All the samples were subjected to three freeze-thaw cycles to disrupt membranes and expose enzymes before analysis. The enzymatic activity of mitochondrial respiratory chain complex I was measured at 37°C as previously described [22] . The data were expressed as the percentage of control.
MitoSOX Assay
Mitochondrial superoxide production was measured by using the MitoSOX Red Kit (Invitrogen, charged-coupled device camera.
ADP/ATP ratio assay
ADP/ATP ratios were determined using the Enzylight ADP/ATP ratio assay kit (BioAssay, Hayward, CA, USA), according to the manufacturer's instructions. 
Small interfering RNA (siRNA) transfection
Statistical analysis
Statistical analysis was performed using SPSS 16.0, a statistical software package. Statistical evaluation P < 0.05 was considered
Results
BMX enhances cisplatin-induced anti-cancer effects in A549 cells
treated with BMX at different concentrations, and the cell viability was assayed 24 h later. The A549 cells, but in contrast, no obvious toxicity was observed in BMX treated normal bronchial (Fig. 1A) . To determine whether BMX altered sensitivity to cisplatin, A549
induced decrease in cell viability in a time dependent manner up to 72 h after treatment (Fig.  1C) . A similar result in colony forming assay was also observed as shown in Fig. 1D .
BMX increases cisplatin-induced apoptosis in A549 cells
To investigate the effect of BMX in cisplatin-induced apoptosis, A549 cells were treated TUNEL staining ( Fig. 2A) . The results showed that cisplatin increased the number of TUNEL positive cells, which was further increased by BMX treatment (Fig. 2B) . We also observed 2C). Furthermore, apoptosis and necrosis in A549 cells after cisplatin and/or BMX treatment cisplatin induced increase in apoptotic rate, with no effect on necrotic rate in A549 cells. The percentage of cells in individual cell-cycle phases was assessed after cisplatin and/or BMX treatment. Representative histograms at 24 h are shown in Fig. 2F . In BMX treated group, 
BMX increases cisplatin-induced ROS generation in A549 cells
To determine whether BMX affects the generation of intracellular ROS, A549 cells were ROS production was measured by H 2 DCFDA staining. The results showed that the cisplatininduced loss of mitochondrial complex I activity was enlarged by BMX (Fig. 3B ). In addition, (Fig. 3C) . Confocal microscopic imaging demonstrated a prominent enhancement in green superoxide levels in mitochondria (Fig. 3D) . The cisplatin-induced increase in mitochondrial
Involvement of Akt and ERK activation in cisplatin resistance in A549 cells
ERK and Akt are two important pro-survival factors in cancer cells, and western blot analysis was performed to detect the activation of ERK and Akt after cisplatin exposure in A549 cells. As shown in Fig. 4A , ERK was activated by cisplatin treatment up to 24 h after treatment, as evidenced by increased phosphorylation of ERK, which was peaked at 6 h. In contrast, only a temporal activation of Akt at 3 h was observed in A549 cells, and the phosphorylation of Akt was suppressed at 12 and 24 h after cisplatin exposure (Fig. 4B) . To further investigate the involvement of these two protein kinases in cisplatin resistance in A549 cells, activation of ERK and Akt were inhibited by pretreatment with PD98059 and LY294002 respectively. The results showed that inhibition of ERK and Akt activation viability (Fig. 4C) . 
BMX enhances cell sensitivity to cisplatin via ERK and Akt inhibition
To determine whether BMX sensitize A549 cells to cisplatin through inhibition of ERK induced by cisplatin, whereas BMX alone did not alter the expression of p-ERK and ERK in A549 cells (Fig. 5A ). As shown in Fig. 5B , BMX reduced the phosphorylation of Akt both in the presence and absence of cisplatin exposure, with no effects on Akt expression. PD98059 and LY294002 were used to inhibit ERK and Akt activation, and cell viability was assayed to investigate the potential synergetic effects of BMX and these inhibitors (Fig. 5C) . The results showed that the anti-proliferative effects induced by PD98059 and LY294002 were both BMX induced anti-cancer effect. 
BMX leads to inhibition of ERK and Akt through AMPK
We further investigated whether AMPK is involved in BMX induced regulation of ERK and Akt activation. As shown in Fig. 6A , treatment with BMX stimulated phosphorylation of AMPK even in the presence of cisplatin. Depleted ATP levels under conditions of energy deprivation were shown to trigger AMPK activation. Thus we measured ADP/ATP ratio to detect energy metabolism (Fig. 6B) , and a marked increase in the cellular ADP/ATP ratio was observed after BMX treatment, indicating a decrease in the ATP content in A549 cells. After A549 cells were treated with cisplatin and BMX. The results of western blot analysis showed that BMX induced inhibition on ERK (Fig. 6C) and Akt (Fig. 6D ) activation were partially reversed by AMPK knockdown compared to Si-control transfected cells.
Involvement of AMPK in BMX-induced increase of cisplatin sensitivity
cells were treated with AMPK activator AICAR or transfected with Si-AMPK. The results showed that activation of AMPK using AICAR exerted anti-proliferative effects in A549 cells, as evidenced by decreased cell viability (Fig. 7A ) and reduced survival fraction (Fig. 7B) . The BMX induced decrease in cell viability was further decreased by AICAR, but partially reversed by Si-AMPK transfection (Fig. 7A) . A similar result in colony forming assay was also observed (Fig. 7B) .
Discussion
Previous studies have demonstrated that osthole has potent anticancer activity in several human cancer cell lines [11, 23] , but the effect of osthole on cisplatin-related chemotherapeutic resistance has not been determined. In this report, we found that BMX, a derivative semi-synthesized from osthole, could sensitize human lung cancer A549 cells to cisplatin as evidenced by decreased cell proliferation and increased apoptosis. More mechanism, which was related to the inhibition of two pro-survival signaling pathways: ERK cisplatin-related chemotherapeutic resistance in NSCLC cells, which was consistent with Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
anticancer effects through AMPK-dependent inhibition of pro-survival pathways.
Cisplatin is the most commonly used active chemotherapeutic agent for the treatment of NSCLC, but its clinical use is limited due to severe side effects, including the acquisition of drug resistance [26, 27] . In recent years, many investigations have focused on the combinatorial use of conventional chemotherapeutic agents and anticancer natural products to exert enhanced anticancer activity [28] [29] [30] . Osthole reportedly possesses anticancer effects by inhibiting cancer cell growth and metastasis in several human cancer cells, and its effects on cell migration and invasion have also been determined in human lung cancer cells [31, 32] . As compared to many other anti-cancer agents, allicin represents unique advantages, such as high yields and low toxicity [33] . In the present study, the anti-proliferative activity of lower than its effective concentration in lung cancer cells, BMX could still enhance the antiproliferative effect of cisplatin. This combination treatment might be effective in decreasing be further investigated in further in vivo studies.
Free radicals are reactive compounds that have one or more unpaired electrons in their valence shell, and they are produced at low levels during normal physiological conditions and are scavenged by endogenous antioxidant systems [34] . ROS represent the most important class of radical species generated in cells, and ROS associated oxidative stress has been shown to play important roles in cancer [35] [36] [37] . ROS can promote carcinogenesis by playing a physiological role in intracellular signaling and regulation as secondary messengers. More importantly, ROS can act as anti-cancer agents via promoting cell-cycle arrest, apoptotic and necrotic cell death, and inhibiting angiogenesis [36, 38] . Previous studies showed that cisplatin induced anti-cancer effects was partially mediated by ROS related oxidative, which that destroyed oxidative stress scavenging system is involved in cisplatin resistance [8, 27] . cisplatin, enhancing DNA repair, or reducing cisplatin-induced oxidative stress [39] . Overand catalase (CAT) have also been linked to cisplatin resistance [40, 41] . In the present study, BMX was shown to increase intracellular ROS generation through promoting mitochondrial All these data indicated that BMX increased cisplatin-induced anti-cancer activity through targeting mitochondrial dysfunction and ROS associated oxidative stress.
The ERK and Akt signaling pathways consist of several kinases cascades that are regulated proteins and scaffolding proteins [42] . These cascades play an important role in controlling cell proliferation, survival and invasion, and are considered to be main pro-survival pathways in living system [43, 44] . Dysregulated signaling through ERK and Akt pathways is often the results of genetic alterations in critical components under disease conditions, and constitutive activation of these molecules is a common event in human cancer. In lung cancer patients, p-ERK and p-Akt were expressed at high levels, which were accompanied by increased expression of anti-apoptotic proteins Bcl-2, suggesting the involvement of these kinases in lung cancer cell survival [45] . Over-activation of ERK and Akt are reported to play a prognostic role and contribute to drug resistance in many cancers [46, 47] . In the present in time-dependent manners, and inhibitors of these kinases increased cisplatin induced antiproliferative effects in A549 cells, which was consistent with a previous study [25] . Inhibition of Akt activation through PI 3 achieve disease stabilization for more than 4 months in 25% patients [50] . Here, decreased activation of ERK and Akt was observed in BMX treated A549 cells, and BMX was shown to exert additive anti-cancer activity when treated together with ERK and Akt inhibitors, indicating the involvement of ERK and Akt inhibition in our experiments. The ERK and Akt pathways are regulated by several intra-pathway positive or negative feedback loops, and BMX might simultaneously regulated these two kinases through other tumor related genes, such as p53, which is reported to induce an undesired pro-proliferative effect via ERK and Akt activation [51] . AMPK is a sensor of energy status that plays an important role in cellular energy homeostasis [52] . It arose very early during eukaryotic evolution and has been shown to be involved in the control of cell growth, proliferation, autophagy, mitochondrial biogenesis and disposal [53, 54] . Several viruses and cancer cells are found to establish mechanisms to down-regulate AMPK expression and activation, allowing them to escape its restraining of breast cancer patients [55] , and the LKB1 associated regulation of AMPK was also observed in melanoma cells [56] . In human lung cancer patients, a positive p-AMPK expression was associated with increased overall survival and recurrence-free survival [57] . The anti-cancer effects were also demonstrated in the present study in A549 cells, and we found that AMPK activator further decreased cisplatin induced decrease in cell viability and colony formation. BMX induced sensitization to cisplatin was accompanied by increased expression of p-AMPK, indicating the involvement of AMPK phosphorylation in cisplatin resistance in lung cancer cells. A number of studies have revealed that ERK and Akt were two important downstream induced ERK activation [58] , and AMPK activation by selenium down-regulated ERK activity, COX-2 and production of prostaglandin [59] . More recently, AMPK was shown to reverse the mesenchymal phenotype of cancer cells by targeting the Akt-MDM2-Foxo3a signaling axis [60] . In the present study, BMX induced inhibition of Akt and ERK was partially reversed by might be mediated by AMPK-ERK and AMPK-Akt pathways.
Conclusions
by BMX, a derivative semi-synthesized from osthole, in the attenuation of proliferation and colony formation in cisplatin-treated A549 cells through inhibition on ERK and Akt pathways. Furthermore, our study suggests that BMX should be developed as a pharmacological agent for use in combination with other anti-cancer drugs in the treatment of human lung cancer.
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